Tandem affinity purification (TAP) tagging provides a powerful tool for isolating interacting proteins in vivo. TAP-tag purification offers particular advantages for the identification of stimulus-induced protein interactions. Type II bZIP transcription factors (TGA2, TGA5 and TGA6) play key roles in pathways that control salicylic acid, ethylene, xenobiotic and reactive oxylipin signaling. Although proteins interacting with these transcription factors have been identified through genetic and yeast 2-hybrid screening, others are still elusive. We have therefore generated a C-terminal TAPtag of TGA2 to isolate additional proteins that interact with this transcription factor. Three lines most highly expressing TAP-tagged TGA2 were functional in that they partially complemented reactive oxylipin-responsive gene expression in a tga2 tga5 tga6 triple mutant. TAP-tagged TGA2 in the most strongly overexpressing line was proteolytically less stable than in the other 2 lines. Only this overexpressing line could be used in a 2-step purification process, resulting in isolation of co-purifying bands of larger molecular weight than TGA2. TAP-tagged TGA2 was used to pull down NPR1, a protein known to interact with this transcription factor. Mass spectrometry was used to identify peptides that copurified with TAP-tagged TGA2. Having generated this TGA2 TAP-tag line will therefore be an asset to researchers interested in stimulus-induced signal transduction processes.
Introduction
Genetic and biochemical approaches have been used to study protein interactions, including the yeast 2-hybrid (Y2H) system and various affinity purification techniques. 1 The advantages of affinity purification methods are that interactions can be studied under native physiological and various treatment conditions. To reduce the false-positive discovery rate of affinity purification methods, a tandem affinity purification (TAP)-tag was developed, which contains 2 IgG-binding units of Staphylococcus aureus protein A, a cleavage site for protease from tobacco etch virus (TEV) and a calmodulin-binding peptide (CBP). 2 The utility of TAP tagging was recently demonstrated for protein interactions related to brassinosteroid and abscisic signaling. 3, 4 TGA factors belong to the basic region/leucine zipper motif (bZIP) superfamily of transcription factors; 5 they bind to tfhe TGACG motif to regulate defense and developmental processes. 6, 7 Different methods have been used to study interactions between TGA factors and other proteins. Y2H screens were used to show that 7 TGA factors differentially interact with a key regulator of systemic acquired resistance (SAR), NPR1. [8] [9] [10] [11] In addition, Y2H screening identified the GRAS protein SCL14 and glutaredoxins as interacting with TGA2. 12, 13 The significance of interactions between TGA factors and glutaredoxins was later shown not to be restricted to defense responses but also to occur during developmental processes. 7 A His-tagged TGA2 was used to pull down NPR1, 14 demonstrating early on the feasibility of using affinity purification to identify proteins that interact with TGA factors. Along those lines, TAP-tagged NPR1 was used to pull down a thioredoxin involved in SAR. 15 Besides being involved in SAR, 16 type II TGA factors (TGA2, TGA5 and TGA6) regulate ethylene-induced defense responses, 17 xenobiotic resistance 12 and detoxification genes that are responsive to reactive oxylipins, 18 the latter of which are formed by oxygenation of polyunsaturated fatty acids. 19 Reactive oxylipins contain an a,b-unsaturated carbonyl group 20 and include the enzymatically generated 12-oxo-phytodienoic acid (OPDA) 21, 22 and phytoprostanes, which are products of a radical chain reaction. 19 The function of phytoprostanes is likely analogous to structurally related prostaglandins in animals. 19, 23 Type II TGA factors contribute to 60% and 30% of the gene expression in response to phytoprostane A 1 (PPA 1 ) and OPDA, respectively. 18 These transcription factors interact with SCL14 to mediate xenobiotic resistance, 12 but the transcriptional regulation in response to reactive oxylipins is not understood. We therefore generated a TGA2 construct that contains a C-terminal TAP-tag. A transgenic Arabidopsis thaliana line overexpressing this TGA2 TAP-tag in the background of the tga2 tga5 tga6 triple mutant was identified that could be used for affinity purification of interacting proteins. This line will be an asset for researchers interested in class II TGA factor signaling.
Results
Generation, identification, and functional analysis of lines overexpressing TAP-tagged TGA2 in A. thaliana
We generated transgenic lines, which overexpress TAP-tagged TGA2 in the tga2,5,6 mutant background, for biochemical purification of proteins that interact with this transcription factor in A. thaliana. TGA2 expression was analyzed in 17 transgenic lines to select highly expressing lines using quantitative RT-PCR. Lines 1, 12 and 17 were of interest because they consistently expressed high levels of TGA2 when analyzing 2 independent biological replicates ( Fig. 1) . Line 7 was not pursued further because gene expression varied greatly between replicates; expression relative to wild type was increased by 2-and 38-fold, respectively. In contrast, expression was elevated more than 14-fold in both replicates when analyzing Lines 1, 12, and 17.
TGA2 protein levels in these lines were investigated by immunoblot analyses using a polyclonal aTGA antiserum. 24 The abundance of TAP-tagged TGA2 protein in the transgenic lines with the predicted molecular mass of 57.5 kDa was much higher than the abundance of endogenous TGA2 in the wild type with a predicted molecular mass of 36.7 kDa (Fig. 2A) . Besides the uppermost band, representing the intact recombinant protein, additional bands of smaller molecular mass were identified in the transgenic lines. These smaller bands probably represent degradation products of a proteolytically susceptible transcription factor. Apparent proteolysis was particularly prominent in the transgenic line 12 as compared to lines 1 and 17. Besides these putative proteolytic fragments, a cross-reactive band of »40 kDa was also detected.
The functional consequence of TGA2 overexpression in the tga2,5,6 mutant background was assessed by treating A. thaliana seedlings grown in liquid medium with or without inducers of GST25 expression (Fig. 2B) . As expected, both OPDA and prostaglandin A 1 (PGA 1 ) induced GST25 expression in the wild type. GST25 expression in the tga2,5,6 mutant was below uninduced wild-type levels. Overexpression of the TGA2 TAP-tag restored the induction of GST25 in the tga2,5,6 mutant by »50%. These results clearly demonstrate that TAP-tagged TGA2 is functional and partially restores target gene expression in the absence of 2 other TGA factors.
Calmodulin affinity resin pull-down of NPR1 with TAP-tagged TGA2
To test the potential of using TAP-tagged TGA2 for in vivo interaction studies, we examined the known association with NPR1. Specifically, the feasibility of using TAP-tagged TGA2 to purify NPR1 was tested.
Plants of the transgenic A. thaliana line 17 ( Fig. 1 and 2 ) were treated for 30 h with or without 1 mM salicylic acid (SA). Foliar proteins were extracted and incubated with calmodulin affinity resin to partially purify TAP-tagged TGA2. The presence of TGA2 and NPR1 was monitored using the corresponding antibodies. NPR1 co-purified with TAP-tagged TGA2 (Fig. 3) . Both TAP-tagged TGA2 and NPR1 were specifically retained on the calmodulin affinity resin and eluted with EGTA. A band of »35 kDa cross-reacting with the NPR1 antibody was only detected in extracts and fractions not bound to the calmodulin affinity resin; this band was lost during subsequent affinity purification. A slight increase in the abundance of TGA2 after SA treatment was observed in this experiment (Fig. 3) but this increase was not confirmed in a second experiment (Fig. 4) . TAP-tagged TGA2 can therefore be used to purify protein complexes from plant extracts.
TAP-tag purification of TGA2 TAP-tag purification is a useful tool to study post-translational modification and protein interactions in vivo. We were primarily interested in purifying TAP-tagged TGA2 from transgenic line 17 because the recombinant protein in this line was less prone to degradation ( Fig. 2A) and because induction of GST25 by OPDA and PGA 1 (Fig. 2B ) was significant. However, only the calmodulin-binding properties could be exploited for purification of this version of recombinant TGA2 (Fig. 3) . IgG-affinity matrices did not allow purification of TAP-tagged TGA2 from transgenic line 17. In contrast, TAP-tag purification of TGA2 was successful from transgenic line 12. The state of this recombinant protein differs from that of line 17 because it is more prone to proteolysis ( Fig. 2A) but permits TAP-tag purification of TGA2. TAPtagged TGA2 specifically bound to the IgG affinity matrix (Fig. 5A ) in contrast to the majority of the extracted proteins, including the prominent 53 kDa band representing ribulose-1,5-bisphosphate carboxylase (RubisCo) (Fig. 5B) . TGA2 was almost quantitatively eluted from the IgG affinity matrix after cleavage of the IgG-binding domain with TEV protease (Fig. 5A) . The most prominent band after TEV cleavage was similar to the predicted size of the TGA2 cleavage product being 42 kDa. Additional washing with 0.5 M acetic acid, pH 3.4 released an additional small amount of TGA2. Interestingly, fewer degradation products were apparent after elution under acidic conditions, suggesting that incubation with protease for 90 min resulted in stronger TGA2 degradation than more rapid washes with acetic acid. The TEV-treated TGA2 was quantitatively bound to the calmodulin affinity resin (Fig. 5C ). No antibodyreactive bands were visible in the unbound or in the wash fraction. A concentration of 5 mM EGTA was not sufficient to release all of the bound TGA2, as additional bands were eluted after boiling in SDS sample buffer. Few bands were visible after silver staining of the EGTA eluent, but strongly staining bands between 55 and 70 kDa occurred in fractions that tightly bound to the calmodulin affinity matrix (Fig. 5D ).
An additional experiment was carried out using rosette leaves of plants grown in soil that were treated or not treated with SA. Proteins were cross-linked prior to purification. Two-step purification of this material resulted in purification of a band similar to the predicted size of TGA2 after TEV cleavage (Fig. 6A) . SYPRO Ruby staining of the purified fraction eluted from the calmodulin affinity resin identified 3 bands in the size range between 55 and 70 kDa (Fig. 6B) . It is likely that these bands represent proteins that co-purified with TEV-cleaved TGA2 because they were larger than the band recognized by the aTGA2-C antiserum.
TAP-tag purified bands ( Fig. 5D ) were excised for mass spectrometry after Coomassie staining to identify proteins that interact with TGA2 in vivo. Identification of TGA2 itself validated the method ( Table 1) . Other interesting proteins identified included a Rad21/Rec8-like family protein (At5g40840), the GTP-binding elongation factor Tu family protein (At1g07930) and cullin4 (AT5G46210). However, except for TGA2, these hits were only represented by single peptide sequences.
Discussion
We expressed a TGA2 construct with a C-terminal TAP-tag driven by the cauliflower mosaic virus (CaMV) 35S promoter in the background of the tga2 tga5 tga6 triple mutant able to partially complement the mutant phenotype. The degree of complementation as judged by the partial induction of the TolB-like gene (data not shown) and GST25 (Fig. 2B ) in response to reactive oxylipins is similar to that of overexpressing TGA2 in the triple mutant background without a TAP-tag. 25 The TAP-tag therefore does not impair the function of this transcription factor. Immunoblot analysis of TGA2 expression using a polyclonal aTGA2-C antiserum. 24 Molecular weight markers and genotypes are indicated on the left and on the top, respectively. Coomassie staining demonstrated that lanes were equally loaded (data not shown). The arrow indicates TAP-tagged TGA2, the white arrowhead indicates a cross-reactive band, and the other arrowheads indicate putative degradation products. The gray arrowhead indicates the predicted size of native TGA2 without the TAP-tag. (B) TGA-dependent and stimulus-induced expression of GST25. Expression relative to actin was based on quantitative RT-PCR. Means and standard errors of 3 biological replicates are shown. Asterisks indicate significant differences between treatment means (P < 0.05) based on Relative Expression Software Tool (REST).
Overexpression of TAP-tagged TGA2 resulted in proteolysis, particularly in A. thaliana seedlings that were grown on liquid medium ( Fig. 2A) . Proteolysis of TAP-tagged TGA2 varied among the lines overexpressing this construct. Interestingly, only the line that overexpressed a proteolytically unstable TAP-tagged TGA2 was amenable to a 2-step purification using IgG and calmodulin affinity matrices. This suggests that the less stable recombinant protein was more accessible to the IgG affinity matrix. The transgenic A. thaliana line that can be used for TAP presents a new tool for investigating the function of type II TGA factors under different physiological and treatment conditions. TAP can be used to demonstrate known interactions of TGA2 with proteins like NPR1 (Fig. 3) . In addition, the TAP-tagged TGA2 can be used to identify interactions with proteins not previously uncovered. In a first effort to isolate such interactors, we came across a GTPbinding elongation factor Tu family protein, which has been annotated as calmodulin-binding. Purification of this protein may therefore represent an artifact of the particular purification method employed. The tantalizing identification of a Rad21/ Rec8-like family protein and cullin4 is weakened by the fact that both proteins as well as the remaining ones were represented by only single peptides ( Table 1) . Additional experiments will therefore be needed to identify true novel TGA2 interactors.
Materials and Methods
Plant material, plant transformation, and growth conditions Seeds of ecotype Col-0 originated from the Arabidopsis Biological Resource Center (Ohio State University, Columbus, Ohio, USA). The tga6, tga25, and tga256 mutants were those originally described. 16 A C-terminal TAP-tag under the control of the 35S promoter was cloned without the stop codon into the vector pFGC5941. 26 The plant expression vector was transformed into Agrobacterium tumefaciens strain GV3101. Arabidopsis thaliana was transformed using the floral dip method for A. tumefaciens-mediated gene transfer. 27 Transformants were selected with 50 mg l ¡1 BASTA (Bayer CropScience, Monheim, Germany). In vivo pull-down of NPR1 with TAPtagged TGA2 from leaves using a calmodulin (CaM) affinity resin. Affinity purification of TAPtagged TGA2 was followed by immunoblotting using aTGA2-C antiserum. 24 Fractions are shown on the top; extracts (Extr.) from 6-week old plants treated without or with 1 mM salicylic acid (SA) for 30 h, fraction unbound to CaM affinity matrix (Unb.), wash fraction, EGTA elution steps (Elu1 and Elu2), and protein remaining on the CaM affinity matrix (Bead). Immunoblot using aNPR1 antibody 36 shows copurification of NPR1 with TGA2. A band of »35 kDa cross-reacting with the NPR1 antibody is also visible. Coomassie staining of the blot, which shows approximately equal loading of the lanes containing the extracts. Reduced staining in lanes labeled Elu1, Elu2, and Bead demonstrates partial purification of TGA2 and the associated NPR1. A. thaliana seedlings were grown in liquid MS medium as previously described. 18 Otherwise, plants were grown in soil maintained with a 9 h light/15 h dark cycle at 22 C under fluorescent light (100 mmol m ¡2 s ¡1 ). Plants were harvested after 6 to 7 weeks of growth.
Chemical treatments
Seedlings grown in liquid MS medium were treated with OPDA synthesized by enzymatic conversion of linolenic acid using linseed acetone powder 28 or with prostaglandin A 1 (PGA 1 ) (Cayman Chemical). Plants grown in soil were sprayed with 1 mM salicylic acid (Sigma), which was diluted from a 100 mM stock solution adjusted to pH 6, or water until run-off and harvested 26 or 30 h later.
Quantitative RT-PCR analysis Total RNA was extracted and processed as previously described. 25 DNA contamination was removed and total RNA was reverse transcribed. Real-time PCR was performed using SYBR Green. Primers, experimental equipment and cycle conditions were published previously. 25 Purified RT-PCR products were used for calibration using the Relative Standard Curve Method (Applied Biosystems). Three biological replicates were used for each data point. The Relative Expression Software Tool V2.0.13 (Qiagen) was used to determine statistical significance between pairwise comparisons of quantitative PCR data.
Protein purification TAP-tag purification of TGA2 from seedlings grown in liquid followed a published protocol 29 with minor modifications. Frozen plant material (1.6 g FW) was ground in an equal volume of 100 mM Tris, pH 8, 5 mM EDTA, 150 mM NaCl, 10 mM DTT, 0.5% (v/v) plant protease inhibitor cocktail (Sigma). Upon centrifugation at 21,000 g for 10 min at 4 C, the supernatant was incubated with 150 mL of equilibrated IgG Sepharose (GE Healthcare) for 90 min at 20 C using overhead rotation. The resin was washed 5 times with 0.5 mL of 50 mM Tris, pH 8, 150 mM NaCl, 5 mM EDTA, 2 mM DTT and twice with 5 mM NH 4 -acetate, pH 5. The resin was equilibrated 3 times with 0.5 mL of 50 mM Tris, pH 8, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT. Bound TGA was cleaved off the resin by incubation with 50U TEV protease (Life Technologies) for 75 min at 20 C. Any TGA remaining bound to the matrix was eluted with 0.5 mL 0.5 M acetic acid, pH 3.4. The Ca 2C concentration of the TEV protease eluent was adjusted to 5 mM and combined with CaM binding buffer (1.5 mL of 50 mM Tris, pH 8, 150 mM NaCl, 10 mM b-mercaptoethanol, 1 mM Mg-acetate, 1 mM imidazole, 5 mM CaCl 2 ). After addition of 150 mL equilibrated calmodulin affinity resin (Stratagene), the sample was incubated for 90 min at 20 C with overhead rotation. The resin was washed 6 times with 0.5 mL of CaM binding buffer. TGA2 was eluted 5 times in a total volume of 475 mL of 50 mM Tris, pH 8, 150 mM NaCl, 10 mM b-mercaptoethanol, 1 mM Mg-acetate, 1 mM imidazole, 5 mM EGTA. In addition, the resin was boiled in 150 mL sample buffer to release TGA2 remaining bound to the resin. 30 A volume of 20 mL of the different fractions was used for SDS-PAGE.
For the NPR1 pull-down experiment, leaf material from SAtreated (1.2 mg FW) and untreated leaves (1.0 mg FW) were extracted in CaM binding buffer containing 0.5% (v/v) plant protease inhibitor cocktail and centrifuged as detailed above. Purification using calmodulin affinity resin was the same as explained above.
Rosette leaves of plants grown in soil were subjected to crosslinking with formaldehyde 31 prior to extraction. Extraction and protein purification followed a published method with the following modifications. 32 Plant material (50 g) was extracted in an equal volume of extraction buffer (50 mM Tris, pH 8; 2.5 mM EDTA; 150 mM NaCl; 10 mM b-mercaptoethanol; 0.1% IGEPAL; 20 mM NaF; 2 mM benzamidine; 1 mM PMSF; 10 mM leupeptin; 10 mM dichloroisocoumarin; plant protease inhibitor cocktail, diluted 1:200). The extract was filtered and centrifuged; the supernatant was mixed with 1 mL of equilibrated IgG Sepharose beads and incubated for 90 min at 20 C using overhead rotation. Beads were collected by centrifugation, followed by 4 washes, each containing 5 mL of 50 mM Tris, pH 8; 150 mM NaCl; 2.5 mM EDTA; 2 mM DTT; 0.1% IGEPAL. Samples were equilibrated using 3 washes, each in 2 mL TEV buffer. 32 Beads were incubated with TEV protease as described 32 but for a period of 90 min at 20 C. The cleaved eluate was adjusted to 5 mM CaCl 2 using calmodulin binding buffer (CBB). 32 After addition of 200 mL equilibrated calmodulin affinity resin, samples were incubated for 90 min at 20 C by overhead rotation. Samples were washed 6 times with 2 mL CBB. Elution occurred in CBB containing 5 mM EGTA. 32 Proteins were precipitated with trichloroacetic acid and dissolved in SDS sample buffer; 30 protein remaining on beads were released with SDS sample buffer.
Immunoblotting, protein detection and tryptic digestion
Proteins were separated using 10% acrylamide gels for SDS-PAGE 30 and electroblotted to PVDF membrane. Optional visualization of transferred proteins involved Ponceau S (Sigma) staining. 3% nonfat dry milk was used to block the membrane. Primary antibody was used at a dilution of 1:10,000. The aTGA2-C antiserum was as described. 24 NPR1 antibody was obtained from Dr. Xinian Dong (Duke University, Durham, NC). An HRP-conjugated secondary antibody was used at a dilution of 1:40,000. A chemiluminescent HRP substrate (Millipore) was used for detection. After detection with the NPR1 antibody, the membrane was stripped with 0.2 M NaOH and reprobed for detection with aTGA2-C antiserum in the pull-down experiment. The membrane was stained with Coomassie to visualize total protein.
Silver staining after SDS-PAGE followed published procedures. 33 Gels used for tryptic digestions were stained with Coomassie. Sypro Ruby (Sigma) staining provides an alternative visualization method that is compatible with mass spectrometry. Visualized bands were cut into small pieces, dehydrated with acetonitrile and washed with NH 4 HCO 3 according to published procedures 34 prior to incubation with sequencing grade modified trypsin (Promega). Peptides were extracted from the digested gel slices using a formic acid/acetonitrile mixture. 34 Mass spectrometric analysis of peptides Peptides were separated in a monolithic reversed phase C18 capillary column, 15 cm, ID 0.1 mm (Merck) using gradient from 95% A (0.1% formic acid), 5% B (0.1% formic acid, 90% acetonitrile) to 60% A, 40% B within 40 or 60 min. The flow rate was set to 500 nL/min. Mass spectrometry (MS) analysis was done with an LTQ-Orbitrap XL mass spectrometer (Thermo). The following settings were used for MS. Spray voltage 1.9 kV, capillary voltage of 48 V and capillary temperature 180 C. MS full scan range was 300-1800 m/z with a resolution of 30 000 and 371.101230 m/z was used as the lock mass. The top 10 intense peptide masses were subjected to MS/MS analysis. CID collision energy was set to 35.0 with an activation Q of 0.250 and an activation time of 30 000 ms. Dynamic exclusion duration was 60 s and ions having charge state C1 or unassigned charge states were rejected.
Proteome discoverer 1.3 (Thermo Scientific) with the SEQUEST algorithm was used for peptide identification. Search was done against TAIR10 database, to which the sequences of porcine modified trypsin and common contaminants were added, with following settings: the enzyme was set to trypsin and maximum 2 missed cleavage sites were allowed, the precursor mass tolerance was set to 10 ppm, the MS/MS fragment mass tolerance to 0.8 Da, and false discovery rate (FDR) was set to Protein score D sum of scores of individual peptides; For SEQUEST results, the score is the sum of all peptide Xcorr values above the specified score threshold. The score threshold is calculated as follows:
0.8 C peptide_charge £ peptide_relevance_factor where peptide_relevance_factor is an advanced parameter of the SEQUEST node in the "Protein Scoring Option" category with a default value of 0.4.
For each spectrum, only the highest-scoring match is used. For each spectrum and sequence, the Proteome Discoverer application uses only the highest scored peptide. When it performs a search using dynamic modifications, one spectrum might have multiple matches because of permutations of the modification site. 3 Coverage displays the coverage of the protein, which is the percentage of the protein sequence covered by the identified peptides. 4 Proteins displays the number of proteins in which this peptide is found. 5 Unique Peptides displays the number of peptide sequences unique to a protein group. 6 Peptides displays the number of distinct peptide sequences in the protein group. 7 PSM displays the total number of identified peptide sequences (PSMs) for the protein, including those redundantly identified. 8 Protein groups displays the number of protein groups in which this peptide is found. 9 Modifications displays the static and dynamic modifications identified in the peptide. 10 XCorr scores the number of fragment ions that are common to 2 different peptides with the same precursor mass and calculates the cross-correlation score for all candidate peptides queried from the database. The #1 hit will always have the highest value of Xcorr, as Xcorr is used to produce the final ranking of the candidate peptides in the search. Usually XCorr values above 2.0 are considered as good correlation. However, XCorr values are usually higher for well-matched, large peptides, and lower for smaller peptides. 
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
